Soybean contains about 20% oil in seeds and it is therefore currently an important oil seed crop. Considering the fatty acid composition which constitutes the soybean lipid, the concentration of linolenic acid is less than 10%. On the other hand, wild soybean contains about twice the linolenic acid concentration and half as much lipid content as that of soybean. Based on these differences in the lipid content and linolenic acid concentration between soybean and wild soybean, a genetic study on the fatty acid concentration and lipid content using G. max × G. soja populations was carried out. These traits showed normal distribution and were highly heritable in F 2 and RIL populations; moreover; a negative correlation was shown between these traits. In addition, a QTL for the lipid content and linolenic acid concentration was detected in the same position near SSR marker Satt384 on LG E, suggesting that the factors controlling the lipid content might be partly shared by those of the linolenic acid concentration. Further elucidation of the regulatory aspects of these traits will provide information that could lead to the improvement of fatty acid composition and lipid content of soybean seeds.
Introduction
Soybean (Glycine max (L.) Merr.) is currently a primary crop from the viewpoint of oil production. It contains about 20% oil in seeds, which has manifold uses; for example, soybean oil is used for cooking, baking and frying, and as a raw material in the industrial production of inks, dyes and so on. Therefore, improving the lipid content of soybean oil is a significant breeding aim. In Japan, some soybean cultivars that were reported to contain a higher amount of oil than normal cultivars were cross bred with cultivars with lower oil content, but the effects were limited. Recently, some research reports have shown that it is possible to enhance oil deposition by over-expressing the key enzyme that catalyzes lipid synthesis in Arabidopsis thaliana and Brassica napus (Zou et al. 1997 , Jako et al. 2001 .
In soybean seeds, lipids are stored in the form of triacylglycerol (TAG) which fatty acids are esterified to glycerolipids. Fatty acids vary in type and content according to genetic and environmental factors (Kinney et al. 1994 , Rennie et al. 1989 , Heppard et al. 1996 , which affect their nutritional value and processing property. Soybean lipids are composed of five fatty acid species: palmitic acid (C16:0), stearic acid (C18:0) of saturated fatty acids, and oleic acid (C18:1), linoleic acid (C18:2) and linolenic acid (C18:3) of unsaturated fatty acids (Yadav 1996) . The lipids in soybean seeds typically contain 10% linolenic acid, which is a polyunsaturated fatty acid with one more double bond than linoleic acid. Linolenic acid is considered unstable and responsible for the development of off-flavors because it is easily oxidized compared to other unsaturated fatty acids (Frankel et al. 1980) . In the oil industry, the oxidative stability of edible oil is improved by hydrogenating soybean oil to reduce linolenic acid levels (Pantalone et al. 1997a) ; however, transisomer fatty acids are produced during hydrogenation, which are believed to increase the risk of heart disease. Consequently, a major breeding aim for soybean oil has been to reduce the amount of linolenic acid in soybean oil. On the other hand, some studies have shown that linolenic acid plays important roles to maintain brain, nerve and retina functions (Okuyama 1990 , Chalon 2006 ; hence, the physiological importance of linolenic acid has recently being noted.
Glycine soja (Sieb. and Zucc.), the direct wild ancestor of cultivated soybean, contains lipids with almost twice the linolenic acid concentration than that of cultivated soybean (Pantalone et al. 1997a) , while the lipid content of wild soybean seeds is lower than that of soybean cultivars. We also confirmed these relationships and carried out genetic analysis of the lipid content and linolenic acid concentration to identify the relationship between these traits and to improve the lipid quantity and quality of soybean seeds.
Materials and Methods

Plant materials
A population of 96 recombinant inbred lines (RILs) from Analysis of fatty acid composition and lipid content Fatty acids were analyzed according to the method of Ichihara (Ichihara et al. 1996) . Each seed was ground to a fine powder and 25 mg was used for analysis. Hexane (2 ml) was added to the sample, followed by methanolysis with 200 µl of 2 M KOH. After maintaining at 35°C for 15 min, CH 3 COOH (25 µl) and H 2 O (2 ml) was added and centrifuged at 2,000 rpm for 6 min; 1 ml of the hexane layer was then subjected to gas chromatography. Heptadecanoic acid (SIGMA) was used as an internal standard. The lipid content was regarded as the total fatty acid content determined based on the ratio of the area of respective peaks to heptadecanoic acid.
Broad-sense heritability of lipid content and fatty acid concentration Broad-sense heritability of lipid content and fatty acid concentration in F 2 seeds was calculated as follows (Ukai 2002) :
, with h 2 as the broad sense of the heritability value, V F2 as the variance of F 2 seeds, and V P1 and V P2 as the variance of the parents (TK 780 and Hidaka 4, respectively). Variance of the parents was obtained from five randomly selected individual seeds.
Linkage map construction and QTL analysis
Linkage map for the RIL population from a cross between TK 780 and Hidaka 4 was constructed by Liu (Liu et al. 2007) , and used to identify candidate QTLs by interval mapping using MapQTL 5 software (Van Ooijen 2004) . A total of 1,000 permutations were performed on lipid content and fatty acid composition for the empirical logarithm of the odds (LOD) threshold at 0.05 probability (Churchill et al. 1994) . QTLs were considered to exist only at positions where an LOD score exceeded the corresponding significance threshold.
Results
Frequency distribution of lipid content and fatty acid concentration among soybean and wild soybean accessions A total of 353 soybean and 445 wild soybean accessions were used for lipid content analysis, which was estimated by quantification of fatty acids using gas chromatographic analysis. The predominant fatty acids of both soybean and wild soybean were palmitic acid (C16:0), stearic acid (C18:0), oleic acid (C18:1), linoleic acid (C18:2), and linolenic acid (C18:3). Among the five fatty acids, wild soybean gave characteristically higher concentrations of C18:3. The C18:3 concentration of wild soybean accessions ranged from 11.9 to 23.3% with a mean of 17.3% of total lipid content, while that of soybean accessions ranged from 3.9 to 17.7% with a mean of 8.8% ( Fig. 1-B) . In addition to linolenic acid concentration, soybean and wild soybean accessions showed a different distribution pattern of the oleic acid concentration with the former showing higher concentrations than the latter ( Fig. 1-C) , while no clear difference was observed in the frequency patterns of the concentrations of palmitic, stearic, and linoleic acids among soybean and wild soybeans (data not shown). On the other hand, the lipid content of soybean accessions ranged from 5.7 to 25.8% with a mean of 14.8%, while that of wild soybean accessions ranged from 6.2 to 12.2% with a mean of 10.3% of seed dry weight ( Fig. 1-A) .
These results suggest a notable tendency for wild soybean to have high levels of C18:3 concentration and low levels of C18:1 concentration and lipid content, while the soybean cultivars have low levels of C18:3 concentrations and high levels of C18:1 concentration and lipid content.
Frequency distribution of lipid content and fatty acid concentration in RIL and F 2 populations Based on the remarkable difference in the lipid content and fatty acid concentration observed in soybean and wild soybean seeds, the genetic relationship between the lipid content and fatty acid concentration was characterized in F 2 and RIL populations derived from a cross between the high lipid and C18:1 and low C18:3 soybean parent, TK 780 and the low lipid and C18:1 and high C18:3 wild soybean, Hidaka 4 (Table 1 ). The frequency distributions of the lipid content and the concentration of C18:3 and C18:1 in the RIL population are shown in Fig. 2 -A, 2-B and 2-C, respectively. The lipid content showed a normal distribution, ranging from 9.1 to 20.4% between those of the two parents with an average content of 14.2%. The concentration of C18:3 and C18:1 also showed a normal distribution that ranged from 8.2 to 20.4% in parents with an average content of 14.1% and from 8.7 to 37.2% in parents with an average content of 17.4%, respectively.
The distribution patterns of the lipid content and the concentration of C18:3 and C18:1 in the F 2 population are shown in Fig. 3-A, 3 -B and 3-C, respectively. These traits showed similar distributions to those in the RIL population. The values of broad-sense heritability (h 2 ) were estimated to be 0.64, 0.66 and 0.69 for the lipid content, and linolenic and oleic acid concentrations, respectively, in F 2 seeds, indicating that these traits are highly heritable.
Correlation between lipid content and fatty acid concentration
Soybean and wild soybean accessions showed different distribution patterns of the lipid content and fatty acid concentration. Soybean accessions showed higher levels of lipid content and lower levels of linolenic acid concentration compared with wild accessions, which showed lower levels of lipid content and higher levels of linolenic acid concentration. These traits were highly heritable; hence, we examined the correlation between the lipid content and linolenic acid concentration in these populations. A negative correlation was observed between the lipid content and linolenic acid concentration in RILs from the cross between TK 780 and Hidaka 4 (r = −0.45) (Fig. 4-A) , and F 2 seeds (r = −0.46) (data not shown), while a weak or no correlation was observed between the lipid content and oleic acid concentration in the same populations (Fig. 4-B , and data not shown). Similarly, a negative correlation between the lipid content and linolenic acid concentration was observed in F 2 populations from both crosses between a soybean parent, line Toiku 241, and a wild soybean parent, strain B09092, and between a soybean parent, var. Toyomusume, and a wild soybean parent, strain GD50344. No significant correlation between the lipid and oleic acid content was observed in the same populations (data not shown). These results suggested that the negative correlation between the lipid content and linolenic acid concentration is inherent and unique in the progeny population derived from the cross between soybeans and wild soybeans.
QTL analysis for lipid content and fatty acid concentration
As a negative correlation was inherently observed between the linolenic acid concentration and lipid content, we presumed that the genetic factors for determining the lipid content might overlap those for the linolenic acid concentration. To investigate whether the genetic factors are shared, QTL analysis was carried out for the linolenic acid concentration and lipid content using the F 9 RIL population from the cross between TK 780 and Hidaka 4.
Three effective QTLs for the lipid content and four for the linolenic acid concentration were detected by interval mapping ( Table 2 ). The phenotypic variances explained by two large QTLs for the lipid content detected near the SSR marker Satt384 on the LG (linkage group) E and Satt496 on the LG I were 22.7% and 27.6%, respectively. By using the F 10 RIL population, the two QTLs were detected in the same positions with nearly the same phenotypic variances (data not shown).
On the other hand, a large effective QTL for the linolenic acid concentration was detected near Satt384 on LG E and it explained 36.8% of the total phenotypic variances in addition to the three effective QTLs detected near the AFLP marker AGG/CGC380 on LG C2, Sat-127 on LG H and Sat-274 on LG O (Table 2) .
On LG C2, a QTL for flowering time with a large effect was detected near AGG/CGC380 in the same population from the cross between TK 780 and Hidaka 4 (Liu et al. 2007) . The QTL for the linolenic acid concentration detected near AGG/CGC380 on LG C2 is probably the same QTL for flowering time (Taira et al. 1987 ), since it is well known that linolenic acid concentration is influenced by flowering time. The QTL for linolenic acid concentration detected near Satt384 on LG E with the largest phenotypic variance was positioned at nearly the same position of the QTL as the lipid content (Table 2 and Fig. 5 ). The average lipid content and linolenic acid concentration of individuals with TK 780 genotype on Satt 384 on LG E was 15.1 and 12.7%, and that of Hidaka 4 genotype was 13.4 and 15.3%, respectively. No QTLs for the oleic acid concentration were detected near QTLs for the lipid content, although a different distribution pattern of the oleic acid concentration was obtained in soybean and wild soybean accessions (Fig. 1-C , and data not shown). These results suggest that the QTLs for the linolenic acid concentration and lipid content might at least explain the negative correlation between these traits. Values show the mean ± standard deviation. 
Discussion
Although there is a wide range of variation in lipid content among soybean accessions (Wilson 2004) , very limited information is available on the lipid content of wild soybean accessions in comparison with that of cultivated soybean accessions; however, wild soybeans have many variations from the viewpoint of seed contents, such as protein, lipid and fatty acid composition relative to soybeans (Pantalone et al. 1997b , Weir et al. 2005 . These variations in wild soybeans can be sometimes used to improve nutritional qualities of soybean seeds. The lipid content and fatty acid composition of the seeds, including various soybean and wild soybean accessions, were analyzed and compared to obtain basic information for soybean breeding. The frequency distribution of the lipid content ( Fig. 1-A ) and linolenic acid concentration ( Fig. 1-B) , as well as the oleic acid concentration (Fig. 1-C) , were shown to be quite different among soybean and wild soybean accessions. On the other hand, the distribution patterns of the concentrations of the other three fatty acids (palmitic, stearic and linoleic acids) of wild soybean accessions were similar to those of soybeans (data not shown). Both RIL and F 2 populations derived from TK 780 × Hidaka 4 gave typical normal distributions of linolenic acid concentration (Figs. 2-B and 3-B) , lipid content (Figs. 2-A and 3-A) and oleic acid concentration , indicating that these traits might be LG: Linkage group PVE: phenotypic variation explained quantitative traits under the control of more than single factors. A highly negative correlation was observed between the lipid content and linolenic acid concentration in the RIL population (Fig. 4-A) and in the F 2 population (data not shown), while a weak correlation was observed between the lipid content and oleic acid concentration (Fig. 4-B) although the oleic acid concentration was significantly different between soybean and wild soybean accessions. These results can be explained from the different pathway of the biosynthesis of the respective fatty acids. Namely, linolenic acid is synthesized by introducing a third double bond to linoleic acid by the action of a key enzyme, microsomal omega-3 fatty acid desaturase (FAD3), predominant in the storage of lipids in immature seeds. On the other hand, oleic acid is synthesized in plastid, and then exported to the cytosol to be incorporated into glycerolipid (Browse et al. 1991 , Ohlrogge et al. 1995 , and subsequently desaturated into linoleic and linolenic acid. Oleic acid is an intermediate of fatty acids such as linoleic and linolenic acids; thus, the concentration of oleic acid is probably determined by more complex metabolic pathways than those of linolenic acid, explaining the apparent lack of correlation between the oleic acid concentration and lipid content.
It is probable that the common QTL detected near Satt384 on LG E of the QTLs for the lipid content and linolenic acid concentration could explain the negative correlation between these traits, suggesting that the factors controlling the lipid content were partly shared by those of the linolenic acid concentration or the possibility that different, but tightly linked loci were involved in regulating these traits. In soybean seeds, lipids are stored as forms of TAGs, esters of glycerol and fatty acids, and TAGs are synthesized by acyltransferases that catalyze to add fatty acids to the glycerol backbone. These enzymes have been shown to exhibit different substrate specificity among different plant species. For example, in castor bean, diacylglycerol acyltransferase (DGAT) catalyzes the terminal step in TAG synthesis, exhibiting the highest substrate specificity for palmitic acid, and high substrate specificity for oleic acid, linolenic acid, respectively (Shiu-Cheung et al. 2006) .
In soybean seeds, if the DGAT has lower substrate specificity for linolenic acid than for other fatty acids, such as oleic and linoleic acids, the amount of total fatty acids incorporated into the glycerol backbone could reduce and result in the reduction of total TAGs as the linolenic acid concentration increases in seeds. It would be interesting to elucidate the regulatory aspects of these traits, which will enable us to improve the fatty acid composition and lipid content of soybean seeds.
